Pleiotropy plays a central role in theories of adaptation, but little is known about the distribution of pleiotropic effects associated with different adaptive mutations. Previously, we described the phenotypic effects of a collection of independently arising beneficial mutations in Escherichia coli. We quantified their fitness effects in the glucose environment in which they evolved and their pleiotropic effects in five novel resource environments. Here we use a candidate gene approach to associate the phenotypic effects of the mutations with the underlying genetic changes. Among our collection of 27 adaptive mutants, we identified a total of 21 mutations (18 of which were unique) encompassing five different loci or gene regions. There was limited resolution to distinguish among loci based on their fitness effects in the glucose environment, demonstrating widespread parallelism in the direct response to selection. However, substantial heterogeneity in mutant effects was revealed when we examined their pleiotropic effects on fitness in the five novel environments. Substitutions in the same locus clustered together phenotypically, indicating concordance between molecular and phenotypic measures of divergence.
INTRODUCTION
A major challenge in the study of adaptation is to demonstrate a causal relationship between the action of natural selection on different phenotypes and the underlying genetic changes (Orr & Coyne 1992; Jones 1998; Nachman 2005) . This difficulty was aptly described as a 'chasm' by Phillips (2005) , who emphasized that many studies fall into two broad categories: those that can identify molecular variation, but have limited knowledge of its adaptive significance, and those that can identify ecologically important traits, but have limited knowledge of their genetic bases. Understanding the mapping between genotypes and phenotypes is central to determining why selection leads to divergence and diversification in some instances, and convergence and parallelism in others (Elena & Lenski 2003) . Unfortunately, the relationship between genotype, phenotype and adaptation has been demonstrated in only a handful of cases to date ( Wichman et al. 1999; Cooper et al. 2001; Bradshaw & Schemske 2003; Nachman et al. 2003; Mundy et al. 2004; Colosimo et al. 2005; Kwiatkowski 2005; Herring et al. 2006; Hoekstra et al. 2006; Knight et al. 2006 ).
An important question concerns the extent to which similar phenotypic changes are driven by similar changes at the molecular level (Doolittle 1994; Wood et al. 2005; Hegreness & Kishony 2007) . Little is known about the distribution of phenotypic effects of different alleles at a given locus (Phillips 2005) , and even 'strict' definitions of parallelism implicitly assume that different substitutions in the same locus are phenotypically equivalent (Schluter et al. 2004) . However, as Wright (1968) cautioned, alleles of even a single locus can differ from one another not just quantitatively, but also qualitatively, owing to their unique pleiotropic effects. Thus, different mutations may be substituted in separate lineages because they provide similar improvements to a selected trait, yet they may cause diverse suites of pleiotropic effects that become important only after an environmental change or some further change in the gene pool. Differences in phenotype that arise from heterogeneous pleiotropic effects can thereby influence the likelihood of subsequent substitutions, leading to divergent evolutionary trajectories over the long term (Mani & Clarke 1990; Travisano et al. 1995a,b; Hodgkin 1998; Bull et al. 2000; MacLean & Bell 2003; MacLean et al. 2004 ).
Previously, we described the phenotypic effects of a large sample of spontaneous beneficial mutations that arose from a common ancestor in Escherichia coli (Ostrowski et al. 2005) . We examined the fitness effects of these mutations in the glucose environment in which they evolved, as well as their pleiotropic (unselected) effects in five novel resource environments. Here we identify the genetic bases of these adaptations by sequencing candidate loci. By associating our earlier phenotypic measures of divergence with the underlying genetic changes, we assess the extent to which parallel and divergent phenotypic evolution resulted from the substitution of unique beneficial mutations, and we disentangle the contributions of directly selected and pleiotropic effects of mutations to that phenotypic evolution.
MATERIAL AND METHODS
(a) Collection of mutants Isolation of the mutant clones used in our study has been described in detail elsewhere (Rozen et al. 2002) . Briefly, 30 replicate populations were founded with each of two clones that were isogenic except for a single neutral marker, indicating the ability (Ara C ) or inability (Ara K ) to catabolize arabinose. The marker difference causes clones to form red (Ara K ) or white (Ara C ) colonies when plated on tetrazolium-arabinose indicator agar, but does not affect fitness in any of the experimental environments considered in this paper (Ostrowski et al. 2005) . Populations were founded with Ara C and Ara K clones in the following ratios: 1 : 100; 1 : 10; 1 : 1; 10 : 1; 100 : 1. Cultures were propagated daily in a glucose minimal medium, according to the protocol given in Lenski et al. (1991) . The populations were plated periodically to assess the relative proportions of the Ara C and Ara K marker states; a sustained increase in the frequency of either state indicated that a beneficial mutation had arisen in this subpopulation, at which point clones of both marker states were isolated and saved. Owing to the stochastic occurrence of beneficial mutations, evolved clones were collected at varying times, but none were collected after 400 generations. The objective was that each isolated clone would contain a single beneficial mutation; our results indicate that this goal was largely, but not perfectly, achieved. For our study, we analysed 27 mutants from the 30 populations; three putative mutants were excluded because they had no significant fitness gain in the environment where they evolved (Ostrowski et al. 2005) .
(b) Competition assays The competition assays are described in detail in Ostrowski et al. (2005) . All clones competed against their common ancestor of the opposite marker state in six carbon sources: glucose; mannitol; maltose; N-acetylglucosamine (NAG); galactose; and melibiose. For each assay, the mutant was mixed in equal proportions with its ancestor and the two strains were allowed to grow and compete for 24 hours in each type of medium. Mixed cultures were plated at the start and the end of the assay to assess the changes in abundance. Relative fitness was calculated as the ratio of the two competitors' realized Malthusian parameters (Lenski et al. 1991) , which are their net rates of growth in competition. Each fitness assay was replicated three-fold in each novel resource and 15-fold in glucose, the selected environment.
(c) DNA sequencing Previous analyses of a long-term evolution experiment, initiated from the same ancestor and employing the same glucose-limited environment, identified five genes or gene regions as candidate loci for adaptation: pykF; nadR; hokB/sokB; spoT; and an upstream non-coding region of pbpA-rodA (Schneider et al. 2000; Cooper et al. 2001 Cooper et al. , 2003 Woods et al. 2006) . Primers were designed to cover the overlapping regions of these genes or gene regions. PCR products were purified on a GFX column and the sequencing was done using an ABI automated sequencer. The genes or gene regions of interest were sequenced in their entirety for all clones at least once. All sequences were compared with that of the ancestor, and any conflicts that could not be resolved by eye were re-sequenced. Candidate mutations were confirmed only when they could be detected on both strands and in sequences arising from a minimum of two independent PCRs.
(d) Identical mutations
Of the 21 mutations found in our study (see below), three pairs were identical at the nucleotide sequence level. These identical mutations raise two methodological issues. First, are they truly independent, or might they have resulted from cross-contamination between evolving populations? Second, should they be included or excluded from the statistical analyses? Regarding the possibility of contamination, two lines of evidence support their independence. (i) The observed pairwise proportion of substitutions that were identical can be calculated for the 20 clones in which mutations were found in sequenced genes. The resulting value of 1.6% (three pairs identical out of 190 possible pairs) is similar to the value of 2.1% obtained for the long-term evolving populations (Woods et al. 2006) , where markers embedded in that experiment, along with multiple different mutations found in each population, absolutely exclude any cross-contamination.
(ii) One spoT mutation found in our study is identical to a mutation previously found in one of the long-term populations (Cooper et al. 2003) ; that previous clone has several other mutations that are not present in our clone, and thus we are certain that the exact same spoT mutation arose independently in these two populations. Given that these few identical mutations evolved independently, we retained them in most of our statistical analyses. However, we also repeated all our analyses on reduced datasets where we excluded one member of each pair; the exclusion of these genotypes did not alter any of our conclusions.
(e) Statistical analyses First, to assess the phenotypic similarity of genotypes with mutations in the same locus, we performed an analysis to cluster the genotypes according to their fitness effects in the six resources. The distance metric used for the analysis was a normalized Euclidean distance. Clustering proceeded by an algorithm that iteratively joined the closest genotype to a given cluster, where the location of the cluster is based on the average distance among points in the cluster (SYSTAT 2002) ; other methods produced similar results. Second, to determine whether there was a significant association between the phenotypic effects of mutations and the underlying genetic changes, we performed an analysis of similarity (ANOSIM) using the PRIMER-E software package (Clarke 1993; Clarke & Gorley 2001) . The analysis uses a distance matrix to rank all pairs of genotypes from most similar (lowest rank) to least similar (highest rank), and then calculates the difference in the mean rank of the betweengroup comparisons to that of the within-group comparisons. Statistical significance is determined by a permutation test, where gene names are assigned at random to genotypes, and the analysis is repeated. Where feasible, all possible permutations of the dataset were performed; otherwise, 1000 permutations were performed. Finally, one-way and two-way analyses of variance (ANOVA) tests were performed in SAS (SAS Institute 1999). For the nested two-way ANOVA, F-tests were constructed in a manner analogous to that described in Goldberg & Scheiner (2001) , except that a Satterthwaite correction was used where the data were unbalanced. For simplicity, we round the d.f. to the nearest whole number when we present such F-tests in the text.
RESULTS (a) Molecular basis of adaptation
Sequencing the five genes or gene regions in 27 clones uncovered 21 mutations: 13 in spoT; 5 in nadR; and one each in pbpA-rodA, pykF and hokB/sokB. Eighteen of the mutations were unique, while three were found in two different clones. A complete list of the identified mutations is provided in the electronic supplementary material. We detected only a single mutation in each clone, with one exception (a pykF-spoT double mutant in genotype 9990; see electronic supplementary material), consistent with the expectation that these clones should typically harbour single beneficial mutations (Rozen et al. 2002; Ostrowski et al. 2005) .
In addition to sequencing candidate genes, we performed growth rate assays in ribose; deletion mutations in the ribose operon (rbs) that result in loss of growth on that resource are common in populations evolved under the same conditions. These mutations occur at unusually high frequency owing to an adjacent mobile genetic element. They confer a slight beneficial effect and they reached high frequency by 500 generations in 7 out of 12 long-term populations, with their rapid spread promoted by hitch-hiking with other beneficial mutations of large effect (Cooper et al. 2001) . Thus, rbs deletion mutations are not only candidates for adaptive mutations in that operon, but also should serve as sentinels for detecting secondary beneficial mutations. However, all 27 evolved clones grew well on ribose, indicating that their ribose operons remained intact (data not shown).
(b) Concordance between measures of genotypic and phenotypic similarity We used hierarchical cluster analysis to group mutants according to their fitness effects on six different resources and then overlaid the cluster diagram with the locus in which mutations were subsequently identified (figure 1). All the 27 clones included in this analysis had significant fitness gains relative to their ancestor in glucose (Ostrowski et al. 2005) .
In seven clones, we found no mutations in any of the five candidate genes that we sequenced; however, all of these 'unknowns' must carry beneficial mutations in one or more other unidentified loci, given their increased fitness in the glucose environment.
A visual inspection of the cluster diagram suggests that mutations in the same locus tend to cluster together, which indicates that they produce similar suites of phenotypic effects (figure 1). To quantify the statistical support for this association, we performed an ANOSIM, as summarized in table 1. The ANOSIM tests specifically whether clones with mutations in the same locus are phenotypically more similar to one another than are clones with mutations in different loci. The global test shows an R-statistic equal to 0.800, which is highly significant ( p%0.001). The ANOSIM on individual pairs of loci also confirms that there are significant phenotypic differences between those mutations in nadR and spoT. Other pairwise comparisons between loci were not significant, but the number of mutations was always very small for one of the loci. In all comparisons involving the spoT locus, the observed value of the R-statistic was the most extreme of all possible permutations (table 1), indicating that spoT is highly divergent in its fitness effects compared with the other loci.
While it is the concordance between phenotypic and molecular patterns that is most noticeable, the exceptions are also interesting, especially in the light of additional information. For example, two of the identified spoT mutations are phenotypically divergent from all other mutants with substitutions in this locus (figure 1). One of these genotypes carries a second mutation at the pykF locus, which may account for its outlier status. However, the other genotype, spoT(316), is the only spoT mutation in the region of sequence overlap between the ppGpp synthetase and hydrolase functional domains of the gene (figure 2a), although the boundaries of these regions are not known precisely (Gentry & Cashel 1996) . One possibility, therefore, is that the fitness effects of mutations in this region differ from those in other regions of the gene. More generally, the relative scarcity of beneficial mutations in the synthetase and hydrolase regions, as opposed to the C-terminal regulatory domain (figure 2a), may reflect functional constraints on the types of mutations that can produce the beneficial effect. This concentration of beneficial mutations in the C-terminal domain is seen not only among the mutations found in these single mutation clones (11 out of 13 spoT mutations in this domain) but also in the lines that evolved for 20 000 generations during a long-term experiment in the same environment (6 out of 8 mutations in this domain; Cooper et al. 2003) .
Beneficial mutations are also confined to particular regions of the nadR gene (figure 2b). Studies in E. coli and Salmonella enterica have shown that NadR is a protein that both regulates nicotinamide adenine dinucleotide (NAD) biosynthesis and is involved in the transport of NAD precursors into the cell (Penfound & Foster 1996; Raffaelli et al. 1999; Kurnasov et al. 2003; Grose et al. 2005) . These different functions appear to be mediated through three different domains of the NadR protein. The N-terminal domain forms a DNA-binding helix-turn-helix motif that regulates NAD biosynthetic genes by binding to downstream operator sequences. The central portion of the gene confers weak adenylyltransferase activity, catalysing the conversion of the NAD precursor nicotinamide (169) nadR (186) nadR ( Parallel and divergent evolution E. A. Ostrowski et al. 279 mononucleotide (NMN) to NAD. Finally, comparative studies suggest that the C-terminal region confers ribosylnicotinamide kinase activity, mediating the phosphorylation of N-ribosylnicotinamide to produce NMN, which can be transported across the inner membrane of the cell (Kurnasov et al. 2003) .
For the single mutation lines analysed here and from a previous analysis of this gene in the long-term lines Cooper et al. 2003) and associated with the first selective sweep within 400 generations (bottom; this study). Clone identification numbers listed in table S1 in the electronic supplementary material are abbreviated here to include only their last two digits, which are unique to each clone (e.g. 9990 is listed as 90). The two shaded regions of the gene correspond to the ppGpp hydrolase and synthetase domains (Gentry & Cashel 1996) . Arrows indicate locations of mutations, from the N-terminus (left) to the C-terminus (right); mutations that affect the same codon are indicated by a single arrow with multiple clone labels. (b) Location of mutations found in the nadR locus after 20 000 generations (top; Woods et al. 2006) and associated with the first selective sweep within 400 generations (bottom; this study). The approximate domain boundaries are indicated, as described in Kurnasov et al. (2003) : HTH, helix-turn-helix required for the repressor function; NMNAT, NMN adenylyltransferase; RNK, ribosylnicotinamide kinase. Asterisks indicate mutations caused by the insertion of IS150 elements. ( Woods et al. 2006) , all but one of the 17 nadR mutations arose in either the N-or C-terminal regions (figure 2b). It is also interesting that the nadR(186) and nadR (931) mutations, which impact the N-and C-terminal domains, respectively, nonetheless cluster together based on their phenotypic effects (figure 1). Although the domains have distinct biochemical functions, this clustering implies that these mutations have similar consequences across the set of resource environments where fitness effects were assayed. On the other hand, the nadR(30) mutation does not cluster phenotypically with the four other nadR mutations in our study. This particular mutation is a single base-pair deletion, near the start of the gene, which causes a translational stop at codon 14. This premature stop codon might account for its phenotypic difference, although several other insertion and deletion mutations in the N-terminal region of nadR (genotypes 14, 20 and 92; figure 2) cluster phenotypically with the nadR mutation in the C-terminal region (figure 1). Notably, no mutations in the short-term lines (and only one in the long-term lines) arose in the central portion of the nadR gene, which encodes the adenylyltransferase function. The regulatory function of this domain has not been studied in E. coli, but in S. enterica some mutations have been shown to cause a 'super-repressor' phenotype and loss of transport function (Penfound & Foster 1996; Grose et al. 2005) . In any case, the clustering of the mutations in certain domains is again consistent with constraints on the types of mutations that are beneficial under the particular environmental conditions where they evolved. In this instance, most beneficial mutations are found in those domains where mutations are likely to reduce, rather than enhance, the function of the NAD repressor. It is also very interesting that many of the phenotypic clusters encompass mutations at multiple loci (including 'unknown'), even the well-defined cluster that contains 11 of the 13 spoT mutations found here (figure 1). Although the identity of the gene in which some mutation produces these similar phenotypic effects may be unknown, the fact that a mutation truly exists in each clone is known because all of the clones included in this study showed significant fitness improvement relative to their ancestor in the glucose environment where they evolved (Ostrowski et al. 2005) . The two unknown mutations that are similar in their phenotypic effects to mutations in spoT are especially interesting because previous research on the long-term lines also demonstrated the existence of a mutation at some unknown locus that produced similar effects on global gene expression profiles to those caused by a beneficial spoT mutation (Cooper et al. 2003) . More generally, our data also indicate that beneficial mutations at different loci can sometimes have similar phenotypic effects, despite the overall concordance between the affected locus and phenotypic effects demonstrated by the ANOSIM (table 1) .
One final point to note in this section is that the three clone pairs having identical mutations-nadR(186), spoT(1324) and spoT(1249)-cluster with other clones that carry mutations in the same gene ( figure 1) . However, the clones comprising each pair are not each other's closest neighbours. The observation that two clones with the exact same mutation are not always more similar than the clones with different mutations in the same locus indicates that some of the observed variability simply reflects measurement error in the fitness assays. As noted in §2, we have repeated the ANOSIM and other analyses on reduced datasets from which we excluded one member of each pair that shared identical mutations, and the overall concordance between genotype and phenotype remained highly significant.
(c) Targets of selection To develop an understanding of how the six different resources individually and collectively contribute to the observed phenotypic clustering, we performed a principal components analysis ( PCA). The first and second principal components explain 46.0% and 24.3% of the variance, respectively. The factor loadings are shown in figure 3 . Three of the resources-glucose, NAG and mannitol-all share a common uptake mechanism, which is the phosphotransferase system (PTS). It is striking that the vectors for these resources are virtually indistinguishable in their contributions to the first two principal components. By contrast, the three non-PTS resources-maltose, galactose and melibiose-are divergent from both the PTS resources and one another, consistent with previous work suggesting that the PTS is an important target of selection in the glucose-limited evolution environment ( Travisano & Lenski 1996) . Previous work on these mutations identified strong positive correlations between fitness in glucose and fitness in NAG, mannitol and maltose (Ostrowski et al. 2005) . However, the correlation between fitness in glucose and maltose was puzzling in the light of its classification as a non-PTS resource. The PCA thus suggests that there is some underlying heterogeneity in the correlated response of these mutants to maltose when compared with the PTS resources, which was not evident based solely on the individual correlations (figures 3 and 4). (1) factor (2) Figure 3 . Factor loadings plot for the PCA. Variables included in the analysis were relative fitness in six resources: GLU, glucose; NAG, N-acetylglucosamine; MAN, mannitol; MAL, maltose; GAL, galactose; and MEL, melibiose. PTS resources share a common mechanism for transport across the inner membrane of the cell, whereas non-PTS resources use a variety of different mechanisms.
Parallel and divergent evolution E. A. Ostrowski et al. 281 performed an ANOVA on the mutations' fitness effects in glucose, where the independent mutations were nested within their corresponding locus. As shown in table 2, neither the affected locus nor the mutation within a locus had significant effects on performance in glucose. However, the picture was more complex when we ran one-way ANOVAs separately for the spoT and nadR mutants. These subsidiary analyses indicated that the five mutations in nadR were variable in their fitness effects in glucose (F 4,69 Z3.82, pZ0.007) , while the 12 single mutations in spoT were not (F 11,167 Z1.28, pZ0.239) . The overall pattern is thus one of strong but not perfect parallelism, both within and across loci, when the focal trait is the direct response to selection (i.e. fitness in the glucose medium).
In contrast to the near-uniformity among mutations in their selected effects in the glucose medium, we see substantial variation in their pleiotropic effects as determined by correlated responses to the novel resource environments. As summarized in table 3, there are significant interactions for both resource!locus and resource!mutation (locus), in addition to significant main effects of locus and resource. The significant resource!locus interaction indicates that the different genes harbouring beneficial mutations, while similar in the benefits they confer in the selected environment, entail different suites of pleiotropic effects across the set of unselected resources. By extension, the resource! mutation (locus) interaction indicates variability even among different alleles of the same locus. This latter point, however, is sensitive to the inclusion of a particular nadR mutant, the same one that fails to cluster with the other nadR mutants (figures 1 and 4) and also underlies the significant variation among nadR mutants in glucose. When this mutation was dropped from the analysis, the resource!mutation (locus) interaction is no longer significant ( pZ0.718). This dependence could indicate that this nadR mutation is qualitatively different from the others. However, an alternative possibility is that this particular clone bears some unknown secondary mutation-in which case, we cannot be confident that the phenotypes we measure result solely from different substitutions in the nadR locus. In any case, this dependence does not impact our main conclusion that mutations in different loci have different phenotypic effects, because excluding this atypical nadR mutant would strengthen that result. Taken together, our results demonstrate that different beneficial mutations, which provide a similar selective benefit in the environment where they arose, nonetheless entail divergent suites of pleiotropic effects in novel environments.
DISCUSSION
Evolutionary biology suffers from a paucity of examples where both the genetic basis of an adaptive change and its phenotypic consequences are known. Large samples of such well-characterized beneficial mutations are necessary for identifying the multiple paths available to adaptive evolution, the similarities and differences between the paths and the consequences that each step along a given path entails for subsequent evolution ( Travisano et al. 1995a; Lenski et al. 2003; Weinreich et al. 2006; Ostrowski et al. 2007; Poelwijk et al. 2007 ).
Here we used a candidate gene approach to identify the molecular basis of a collection of 27 beneficial mutations in E. coli. We found many instances of parallelism at the gene level, with 13 beneficial mutations in one gene and five in another gene. We even found a few mutations that were identical at the nucleotide level, as well as some other mutations in the same or nearby codons to those found previously in analyses of lines that evolved for 20 000 generations under the same conditions (Cooper et al. 2003; Woods et al. 2006) . The concentration of beneficial mutations in these few genes, and even specific sites within these genes, implies that phenotypic parallelism may result from the finite number of possible mutations that can produce the most beneficial phenotypic effects appropriate to a particular selective environment, thus supporting an 'oligogenic' model of adaptive evolution ( Tanksley 1993; Bradshaw et al. 1998; Orr 2005; Wood et al. 2005) .
We demonstrated significant associations between genotype and phenotype, with different beneficial Figure 4 . Plot of the genotypes according to their factor scores for the first two principal components. The identity of the genes where mutations were found has been overlaid onto the plot: black triangles, spoT; black squares, nadR; grey circles, pbprod A; grey squares, hokB/sokB; grey triangles, spoT and pykF; open circles, unknown. mutations in the same locus having similar phenotypes. However, there was little or no variation among different mutations, even across several loci, based on their fitness effects in the glucose environment in which they were selected. Rather, it was the pleiotropic effects of different substitutions-that is, their correlated effects on fitness in several novel resources-that revealed latent heterogeneity among these beneficial mutations.
These patterns of striking parallelism in selected responses, coupled with substantial divergence in correlated responses, derive from the same set of genetic changes. The contrast between the uniformity of direct responses and the diversity of correlated responses vividly demonstrates the importance of multiple genetic paths in evolution. It also helps to reconcile the diversification so evident in nature with the parallelism more typically observed in laboratory-based studies of evolution ( Wichman et al. 1999; Cooper et al. 2003) . Consistent with this interpretation are other laboratory studies in which subtle changes in the environment substantially altered the evolutionary responses. For example, Travisano (1997) showed very different responses for E. coli that evolved in otherwise identical environments containing either glucose or maltose, even though maltose is simply a glucose dimer. Similarly, Mongold et al. (1999) demonstrated that mutations which allowed E. coli to grow at otherwise lethally high temperatures were distinct from changes that allowed E. coli to thrive at only slightly lower temperatures. Here we demonstrate not only a multiplicity of mutational paths allowing adaptation to any particular environment, but also that heterogeneity in the correlated responses among these genetic paths contributes to the evolution of biological diversity.
